Collision induced dissociation (CID) combined with matrix assisted laser desorption ionizationion mobility-mass spectrometry (MALDI-IM-MS) is described. In this approach, peptide ions are separated on the basis of mobility in a 15 cm drift cell. Following mobility separation, the ions exit the drift cell and enter a 5 cm vacuum interface with a high field region (up to 1000 V/cm) to undergo collisional activation. Ion transmission and ion kinetic energies in the interface are theoretically evaluated accounting for the pressure gradient, interface dimensions, and electric fields. Using this CID technique, we have successfully fragmented and sequenced a number of model peptide ions as well as peptide ions obtained by a tryptic digest. This instrument configuration allows for the simultaneous determination of peptide mass, peptide-ion sequence, and collision-cross section of MALDI-generated ions, providing information critical to the identification of unknown components in complex proteomic samples. ncorporation of post-ionization, gas-phase separations with matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS) represents a significant advance in bioanalytical research, especially studies of proteomics [1, 2] and imaging mass spectrometry [3, 4] . Ion mobility-mass spectrometry (IM-MS) offers several advantages over traditional MS, including increased dynamic range [5] , discrimination against chemical noise [5, 6] , the ability to separate geometric isomers [7] , and separation of ions based on composition and charge state [1, 8] . The cumulative result is highly sensitive, information-rich datasets that are unique to IM-MS techniques. For example, a single IM-MS separation can provide peptide molecular weights (peptide mass-fingerprint), ion-neutral collision cross-sections, and residue specific identification of post-translational modifications (PTMs) [1, 2] .
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ncorporation of post-ionization, gas-phase separations with matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS) represents a significant advance in bioanalytical research, especially studies of proteomics [1, 2] and imaging mass spectrometry [3, 4] . Ion mobility-mass spectrometry (IM-MS) offers several advantages over traditional MS, including increased dynamic range [5] , discrimination against chemical noise [5, 6] , the ability to separate geometric isomers [7] , and separation of ions based on composition and charge state [1, 8] . The cumulative result is highly sensitive, information-rich datasets that are unique to IM-MS techniques. For example, a single IM-MS separation can provide peptide molecular weights (peptide mass-fingerprint), ion-neutral collision cross-sections, and residue specific identification of post-translational modifications (PTMs) [1, 2] .
When coupled to fragment ion analysis for determination of primary structure, IM-MS adds a "per sample" throughput advantage over traditional MALDI-MS/MS techniques. That is, the ion mobility spectrometry (IMS) separation provides a temporal correlation between the precursor and product ions, circumventing the need to pre-select each precursor mass of interest [1, 9, 10] . A number of fragmentation techniques have been previously developed with IM-MS; including photodissociation [11] , surface-induced dissociation (SID) [12, 13] , and collision-induced dissociation (CID) [10, 14] . Among the available fragmentation techniques, CID is the most widely used owing to the robust nature of the experiment and the high level of sequence coverage obtained. CID is also readily adapted to IMS experiments owing to the presence of a buffer gas at elevated pressures in the IMS cell. Clemmer and coworkers have demonstrated two approaches to CID fragmentation of ions as they exit the mobility cell: (1) by applying a high electric field between the drift tube and mass analyzer [10] , and (2) a split-field drift cell design [14] . Additionally, Waters Corporation has introduced an rf ion guide as an interface for their traveling-wave mobility cell that is CID capable [15, 16] . Smith and coworkers have also demonstrated CID of mobility-separated ions using a ramped voltage gradient between two short quadrupoles [9] . Here, we describe a different approach to IM-CID-MS that is compatible with MALDI and periodic-field drift cells. The low-energy, multi-collision CID occurs in the IM-MS vacuum interface, and takes advantage of the existing pressure gradient (from Torr to miliTorr) by varying the field strength over a small region of the interface, thus collisionally activating ions exiting the IMS cell.
Experimental
The peptides and proteins used in these studies were purchased from Aldrich (St. Louis, MO) and used as received. Samples were prepared for MALDI analysis using a dried droplet method by diluting the peptides (0.5 mg/mL in distilled and deionized H 2 O) 1:10 with ␣-cyano-4-hydroxycinnamic acid (7 mg/mL in methanol with 0.1% TFA) resulting in ϳ500:1 M matrix-to-analyte ratio. Trypsin digestion of lysozyme was performed using standard protocols as described elsewhere [17] . Briefly, lysozyme was thermally-denatured at 90°C for 20 min, then enzymatically-digested with sequencing-grade trypsin (Promega, Madison, WI)) in a 1: 40 (wt/wt) enzyme to analyte ratio at 37°C for 4 h. The digest solution was then quenched at Ϫ10°C for 10 min and 1 L aliquots were prepared for IM-CID-MS analysis as described above.
The IM-MS spectrometer used in these studies has been described previously [6, 18 -20] . Briefly, MALDI was performed using a frequency-tripled solid-state Nd:YAG laser (355 nm, Power Chip) operated at a frequency of 300 Hz. IMS separations occur in a 15 cm-long periodic-field drift cell, built in collaboration with Ionwerks (Houston, TX) [20] maintained at ϳ3 Torr with helium as a buffer gas (UHP grade). The drift cell is composed of periodically alternating higher-field/lowerfield regions defined by the voltage drop across the drift cell and the electrode spacing [20] . Typical IMS field strength/pressure (E/p) ratios were 10 -15 V cm
Ϫ1

torr
Ϫ1 and all measurements were performed at room temperature (ca. 298 K). Ions exit the drift cell through a 500 m diameter aperture and enter the interface, which consists of a 5-cm long, periodic-field, stackedring ion guide. The interface serves to radially confine and transfer ions from the exit aperture of the drift cell to the high-vacuum region of the orthogonal-TOF source. The electrode configuration of the interface is similar to the periodic-field drift cell; however, the pressure in this region is not constant and the exit aperture is defined by the i.d. of the ring electrodes (i.e.,
it is an open-ended drift tube rather than a drift cell with a small aperture at the end). A SIMION schematic of the interface is contained in Figure 1 . The electric field across the interface is controlled by three highvoltage power supplies (UltraVolt, Inc., Ronkonkoma, NY) variable from 0 TO 450 V. The interface is divided into three regions, I, II, and III, as shown in Figure 1 . For general IM-MS operation, the electric field across all three regions is constant (30 -50 V cm Ϫ1 ). To perform CID, the electric field in region II is increased (600 -1000 V cm
Ϫ1
) while maintaining the same electric-field strength in the other two regions as used for non-CID IM-MS experiments.
The TOF mass spectra were externally calibrated using a C60 and C70 mixture (Sigma, St. Louis, MO). The 2D IM-MS data were acquired and processed using custom software (Ionwerks Inc.). Analysis of 1-D fragment ion spectra was performed using Data Explorer (Applied Biosystems, Inc., Foster City, CA) with 0.20 Da mass accuracies for peak detection and a signal-to-noise peak-detection threshold of 3.
To simulate the ion transmission and ion activation that occurs in the interface region, we first modeled the pressure gradient across the interface using Fluent 6.2.16 (Fluent, Inc., Lebanon, NH) [21] . The resulting pressure gradient was then incorporated into a SIMION model of the interface to simulate ion transmission and ion kinetic energy. For the pressure simulation in Fluent, we assumed an ideal-gas behavior and determined the specific heat capacity (c p ), thermal conductivity, and viscosity parameters using a helium-helium LennardJones interaction potential as defined by kinetic theory. Specifically, an inter-nuclear distance of 2.96 Å and an interaction energy of 10.98 K were used to describe the helium-helium Lennard-Jones interaction potential [22] . Ion transmission and ion kinetic energies in the interface were modeled using a SIMION 3D (Scientific Instrument Services, Inc., Ringoes, NJ) user developed program (version 8.0) [23] . Ion trajectories were calculated using an Elastic Hard Sphere Scattering model (EHSS) for the ion-helium collisions [24] . The ion kinetic energy (KE) and number of collisions were recorded as a function of the distance along the axis of the interface.
Results and Discussion
We previously demonstrated the advantages of using an IM-MS instrument for acquisition of MS/MS data, using either SID or CID, without the need for precursor ion selection since they are already separated in the mobility domain [12, 13, 25] . When using IM-SID-MS, ions exiting the IMS cell are accelerated towards the SID surface positioned in the TOF ion source, and fragmentation thresholds are achieved by increasing the kinetic energy of the ions before impacting the SID surface. We also demonstrated that our IM-MS interface is ideally suited for low-energy, multicollision CID because the increasing E/P ratio permits collisional activation of ions when the voltage drop across the interface is increased [25] . Ion transmission in the interface is also proportional to E/P, i.e., collisional cooling is required to maintain ion focusing. In the current work, we use a single high field region and SIMION ion trajectory calculations to improve the ion transmission of the interface during CID. The end goal of this work is to achieve CID of mobility-separated, MALDI-generated ions in the mass range required for proteolytic digests while maintaining the transmission characteristics of the existing interface.
To optimize the interface for CID, we examined a number of electrostatic configurations using SIMION models. Figure 1 contains plots of ion trajectories obtained from SIMION for the electrostatic configuration that returned the best results for ion activation and transmission. To simulate conditions for low-field IMS ion transmission (no CID), a 180 V drop is applied across the interface (10 V per electrode, Figure 1b) and ions exiting the mobility cell are focused into a beam with dimensions that are defined by E/P and the i.d. of the electrodes [20] . CID conditions are simulated by applying a 400 V drop (ϳ800 V/cm) across region II ( Figure 1c) ; as shown below, these field strengths are sufficiently high to induce collisional activation, which results in abundant fragment ion spectra. Note that the small i.d. of the interface electrodes (1.3 mm) shield the remaining portion of the interface from region II, creating a localized high-field region for collisional activation of ions. Thus, it is possible to perform CID in our interface without the use of field-confining grids, which may decrease ion transmission at the elevated pressures typical of IMS experiments (1-10 Torr).
To accurately model ion transmission under the CID conditions outlined above, the mass and collision crosssection of each ion was changed at the midpoint of region II to simulate the formation of a lower-mass fragment ion. To determine the efficiency of fragment ion transmission over the mass range of interest, we simulated ion transmission efficiencies for m/z 100 -1700 fragment ions. The results of these simulations reveal 80% to 90% transmission for fragment ions between 500 and 1700 m/z, and 40% to 80% transmission for fragment ions between 100 and 500 m/z, providing evidence that this technique is capable of transmitting ions over the m/z region of interest for peptide fragmentation. Figure 1c illustrates the ion trajectories for a m/z 1700 ion fragmenting to a m/z 1000 fragment ion in the CID region. These data demonstrate that precursor and fragment ions are efficiently transmitted under these conditions. Figure 2 contains a plot of KE versus the axial ion position in the interface. Note that the value of KE reflects low-field conditions (below 2 eV) in region I of the interface ( Figure 2) ; however, upon entering region II, KE increases to over 140 eV, which is shown to be sufficient to induce peptide fragmentation as described below (Figure 3) . Ions exiting region II experience cooling collisions with the He buffer gas and the KE returns to lower, nonactivation values in region III. A small increase in KE (to ϳ6 -7 eV) is noted near the end of the interface owing to the rapid pressure drop in this region (Figure 3, inset) . The pressure drop results in a gradually increasing E/p as ions exit the vacuum interface, which facilitates efficient ion transmission to the TOF source. The data shown in Figure 2 suggests that by varying the electric fields in various regions of the ion mobility drift cell or interface, we can control the kinetic energy such that ions can be separated on the basis of collision cross-section or collisionally activated to energies above the dissociation threshold to perform energydependent fragmentation studies (e.g., collisional activation-IMS, IMS-collisional activation-IMS, etc.).
We 
[M ϩ H]
ϩ ions) in Figure 3 , which arises as a consequence of the m/z-dependent flight times to the TOF source after the fragment ions are formed. This ATD offset is inherent in IM-CID-MS experiments and can be corrected by applying a nonlinear calibration, i.e., the ion transit time to the TOF ion source is proportional to the square root of the ion's mass. However, this deviation is typically small (less than 13% between m/z 100 -1600) and can be ignored, considering the relative deviation from a precursor ATD is a continuous function of m/z.
An advantage of performing CID experiments using this technique is that the kinetic energy of the ion can be accurately controlled, thus we should be able to perform energy-resolved CID experiments. For example, at low KE values, we detect primarily higher m/z fragment ions, and as KE is increased, the abundances of lower m/z fragment ions increases, and we see a corresponding decrease in higher m/z fragment ions. The significance of this result is that we can perform experiments to examine dependence of specific fragment ion abundances on the kinetic energy available to the ion in a controlled fashion. As an example, the relative abundances of three selected fragment ions from fibrinopeptide A are plotted as a function of applied voltage in Figure 4 . These data show a high degree of control over fragmentation, which may prove useful for optimizing CID spectra and sequence information. Figure 5 contains CID spectra of bradykinin, angiotensin I, and ␣ melanocyte stimulating hormone. Each spectrum was acquired at a KE, which produces a high abundance of fragment ions to obtain the best sequence coverage. The dominant fragment ions in each spectrum were a-, b-, and y-type fragment ions and fragment ions with neutral losses of H 2 O and NH 3 also observed. The IM-CID-MS spectra in Figure 5 were compared with spectra obtained on commercial MALDI-TOF-CID-TOF instruments (data not shown), and the fragment ion spectra from these two techniques show essentially the same sequence coverage; the main difference being that the IM-CID-MS method produces a greater abundance of internal fragment ions as expected for multi-collision CID.
The analysis of a more complex proteomic sample using IM-CID-MS is illustrated by data contained in Figure 6 , which displays the IM-CID-MS results for a tryptic digest of lysozyme. The sequence coverage for lysozyme from this digest was ϳ25% and is the same as that observed by MALDI-TOF analysis, although enhanced sequence coverage by IM-MS has been noted previously [5, 6] . IM-CID-MS fragment-ion spectra for the three prominent lysozyme digest fragments are also depicted in Figure 6 . These data ( Figure 6 ) were collected using three different voltage settings. Under the selected CID conditions, fragment ion abundances were maximized for the three precursor ions and a good correlation between fragment and parent ions is obtained ( Figure 6, i-iii ). An advantage of this IM-MS approach is that the fragment ions from multiple precursor ions are resolved in the mobility dimension, which allows simultaneous collection of fragmentation spectra over a large m/z range without necessitating multiple experimental runs requiring mass selection for each precursor ion of interest. This IM-CID-MS platform has the potential to obtain energy-dependent CID spectra of conformational isomers (such as those ob- served for bradykin 1-5) [26] as well as provide rapid screening for PTMs [27, 28] to acquire data dependent MS/MS spectra. In previous work we have demonstrated that tryptic peptides that differ in mass by ϳ10 Da (Ͻ1%) are easily separated by IMS owing to conformational differences, and can be simultaneously sequenced by IM-MS fragmentation techniques [1] . A number of approaches for enhancing IMS separations are also available, including selection of buffer gases [29] , variation in the IMS field strength [30] , and the addition of various bath-gas and mobility-shift reagents [31] , [32] .
Conclusion
A new CID-capable IM-MS interface has been theoretically and experimentally described. Simulations incorporating the ion kinetic energy show that voltages sufficient to induce fragmentation can be applied to the interface, while conserving high transmission for precursor and fragment ions. CID of peptide ions was demonstrated for several model peptides and peptides from a proteolytic digest. It is also possible to obtain spectra over a range of applied voltages to enhance ion signal of all fragments, similar to the technique described recently by Smith and coworkers [9] ; although a single optimized voltage is generally sufficient to produce fragment ions over the entire m/z range of interest. For example, a 400 V drop across region II of the interface was sufficient to generate all of the fragment ions for fibrinopeptide A between 1400 and 100 m/z that are observed over a range of voltage settings. The results presented in this work demonstrate that efficient dissociation can be observed and illustrates the potential to perform energy-dependent fragmentation studies using a periodic-field drift cell design. This approach provides a relatively simple way to generate mobilityseparated fragmentation spectra to sequence peptides from biological samples while maintaining the highresolution and sensitivity of the IMS separation.
